Ferroquine (SSR97193), a ferrocene-quinoline conjugate, is a promising novel antimalarial currently undergoing clinical evaluation. This study characterizes its pharmacokinetic properties. Young male African volunteers with asymptomatic Plasmodium falciparum infection were administered a single oral dose (n ‫؍‬ 40) or a repeated oral dose (n ‫؍‬ 26) given over 3 days of ferroquine in two dose-escalation, double-blind, randomized, placebo-controlled clinical trials. In addition, a food interaction study was performed in a subsample of participants (n ‫؍‬ 16). The studies were carried out in Lambaréné, Gabon. After single-dose administration of ferroquine, dose linearity was demonstrated in a dose range of 400 to 1,200 mg for maximum mean blood concentrations ([C max ] 82 to 270 ng/ml) and in a dose range of 400 to 1,600 mg for overall exposure to ferroquine (area under the concentration-time curve [AUC], 13,100 to 49,200 ng · h/ml). Overall mean estimate for blood apparent terminal half-life of ferroquine was 16 days and 31 days for its active and major metabolite desmethylferroquine (SSR97213). In the 3-day repeated-dose study, C max and overall cumulated exposure to ferroquine (AUC cum ) increased in proportion with the dose from day 1 to day 3 between 400 and 800 mg. No major food effect on ferroquine pharmacokinetics was observed after single administration of 100 mg of ferroquine except for a slight delay of time to maximum blood concentration (t max ) by approximately 3 h. The pharmacokinetics of ferroquine and its active main metabolite are characterized by sustained levels in blood, and the properties of ferroquine as a partner drug in antimalarial combination therapy should be evaluated.
T
he continuing development and spread of specific drug resistance against currently used antimalarials limits the projected life span of nearly all antimalarial drugs and drug combinations. Artemisinin combination therapy (ACT) has become the accepted standard of care for uncomplicated falciparum malaria worldwide. Despite high cure rates of these first-line treatments in subSaharan Africa, the clinical efficacy of artemisinin derivatives and partner drugs is threatened by the potential spread of specific drug resistance (26, 41, 44) . New compounds and drug combinations are therefore urgently needed to avoid a dangerous shortage of potential future treatment options. Ferroquine (FQ), a ferrocenic analogue of chloroquine, is one of the most promising new candidate drugs in the antimalarial pipeline (4) (5) (6) (7) 14) .
Preclinical and first clinical experience with ferroquine. High efficacy of ferroquine has been demonstrated against chloroquine-susceptible and -resistant P. falciparum strains in preclinical in vitro and in vivo studies (1, 13) . Detailed analysis of in vitro drug activity of ferroquine did not show a relevant potential for cross-resistance between ferroquine and chloroquine or any other currently used antimalarial (21) . First-in-human data of a phase Ia trial including 42 healthy Caucasian subjects confirmed a favorable pharmacokinetic (PK) profile of ferroquine in humans (unpublished data) as shown by an increase in exposure with a dose increase up to 800 mg and a long apparent terminal half-life. These data served as the basis for further clinical development. Here, we report results obtained in three clinical phase I trials assessing the pharmacokinetics of ferroquine in Gabonese volunteers. The aim of these studies was to assess the safety, tolerability, the maximal tolerated dose, and the pharmacokinetic profile of ferroquine. Safety and tolerability data have been reported recently (29) , and the manuscript describes the pharmacokinetic characteristics of ferroquine when given as a single dose and as repeated doses (once daily over 3 days) and the evaluation of potential food interaction with ferroquine pharmacokinetics.
MATERIALS AND METHODS

Study design and study drug administration. Three phase I clinical trials were conducted from April 2005 to June 2006 at the Medical Research
Unit of the Albert Schweitzer Hospital in Lambaréné, Gabon (38) . The epidemiological situation there is characterized by a stable transmission of Plasmodium falciparum throughout the year, with a nearly 100% predominance of chloroquine-resistant field strains since 1995 (34) . Unlike the situation in other regions, such as Malawi (25) , reappearance of chloroquine-sensitive strains after replacement of monotherapy by artemisinin combination treatments according to national guidelines of 2003 has been evidenced to be at best marginal until the present (20, 27) .
Study protocols and study conduct complied with the recommendations of the Declaration of Helsinki (1964) and applicable amendments, with updated guidelines on Good Clinical Practice as defined by the In-ternational Conference on Harmonization and the WHO and with all national laws and regulations of Gabon. The Ethics Committee of the International Foundation of the Albert Schweitzer Hospital approved the study protocol and the additional documents. Written informed consent according to applicable standards was obtained from all volunteers prior to screening. Study details have been described previously (29) . Participants were young adult male African volunteers with asymptomatic P. falciparum infection. Characteristics of the study population are given in Table 1 . Two studies were designed as single-center, sequential, ascending-dose, double-blind, randomized, placebo-controlled trials with administration of ferroquine either as a single ascending dose using 100-mg capsules (single-dose trial) or as once-daily repeated ascending doses using 100-mg and 200-mg capsules (repeated-dose trial). In the single-dose study five sequential groups were scheduled to receive ascending oral doses from 400 mg up to 1,600 mg, whereas four groups were scheduled to receive ascending oral doses of ferroquine ranging from 400 mg to 1,000 mg in the repeated-dose study. In each of the two trials eight participants per group were randomly allocated to receive either ferroquine or placebo in a 3:1 ratio. The third trial, a food interaction study, aimed to evaluate the potential of food interaction on ferroquine pharmacokinetics. This study had an open-label, fixed-dose study design, and 16 volunteers were allocated to two sequential groups of eight participants receiving a dose of 100 mg of ferroquine under either fasted or high-fat diet condition. Since all participants received the same treatment, no provision for blinding was taken. Allocation to each group was performed in the order of recruitment and according to a randomization list provided by the sponsor's biostatistics department. Only the main investigator, who was not involved in recruitment, had access to this list.
Main inclusion criteria for these three studies were identical and were defined as the following: (i) provision of written informed consent, (ii) African male adult aged between 18 and 45 years and a body weight between 50 and 90 kg, (iii) P. falciparum mono-infection determined by either microscopy, rapid diagnostic test, or PCR, (iv) absence of clinical symptoms of malaria, (v) and no sign of any other disease as evidenced by electrocardiogram (ECG) recording, clinical chemistry, and vital signs. Exclusion criteria were the following: (i) history or presence of any clinically relevant disease, (ii) vaccination, (iii) recent use of an antimalarial drug or any other medication except for paracetamol, (iv) alcohol or substance abuse including heavy smoking, and (v) serologic evidence of hepatitis B surface antigen or presence of hepatitis C antibodies or antihuman immunodeficiency virus type 1 or 2 antibodies.
FQ metabolism. Ferroquine is metabolized by different cytochromes (CYP2C9, CYP3A, and CYP2D6); the relative contribution of each isoform involved in the overall hepatic metabolic clearance is below 50%. Based on current knowledge, ferroquine is metabolized mainly in two metabolites, N-desmethyl-ferroquine (DMFQ) and N-di-desmethyl-ferroquine (di-DMFQ) (Fig. 1) . Both metabolites are active against chloroquine-susceptible P. falciparum strains, but only DMFQ showed significant activity against chloroquine-resistant P. falciparum strains (3, 11) . For DMFQ a substantial contribution to overall intrinsic activity of ferroquine can therefore be assumed. In contrast, di-DMFQ is of minor pharmacodynamic and pharmacokinetic importance (11) (see Fig. 3 and 4) . A pathway of ferroquine degradation results in the formation of 7-chloroquinolin-4-amine, which has no antimalarial activity and also forms in chloroquine metabolism (17) (Fig. 1 ). This report focuses therefore mainly on ferroquine and its major active metabolite, DMFQ (SSR97213 its metabolite DMFQ were assessed from venous blood sampling using noncompartmental analyses. Blood sampling was performed before study drug administration and hourly thereafter until 6 h postdosing. Subsequent samples were drawn every 2 h until 12 h postdosing, then at 16, 24, 36, 48, 72, 96, 144, 216, and 336 h postdosing, and finally once weekly until the end of follow-up. The total follow-up period was 8 weeks in the singleand repeated-dose studies and 4 weeks in the food interaction trial. Blood concentrations of ferroquine and its metabolites were determined from venous blood samples. The assay was performed using highperformance liquid chromatography with tandem mass spectrometry (LC-MS/MS) after a liquid-liquid phase extraction. Precision and accuracy of the lower limit of quantification (LLOQ) as lowest validated concentration (1.0 ng/ml) was found to be within 20%; therefore the method was validated within a range from 1 to 125 ng/ml using stable isotope (SI) labeling for the tested compounds. The method has been proven to be specific and selective, with process efficiency close to 70% and without any matrix effect. Accuracy and precision values within day and between days were Ͻ20% at LLOQ and Ͻ15% at all other tested concentrations. The stability of test compounds was investigated under various storage conditions. Ferroquine and its metabolites were found to be stable in blood after three freeze-thaw cycles for at least 24 h at room temperature, 4 h at 37°C, 29 months at Ϫ80°C, and 72 h in processed samples.
Statistical methods. Dose proportionality for C max and total drug exposure (area-under-the-curve parameters) was evaluated using the logtransformed power model. Estimates with 90% confidence intervals (CIs) for parameter increases associated with an r-fold (where r is the ratio of the highest to lowest dose) increase in dose were computed and were converted to a dose-normalized scale. Comparisons of apparent terminal half-lives among dose levels were analyzed by linear fixed-effect models with a fixed term for dose using log(t 1/2z ). Differences between doses were tested for significance with P values computed within the mixed-model framework on the log-transformed t 1/2z .
Accumulation was assessed for log-transformed C max and AUC 0-24 of ferroquine and its metabolite DMFQ by using a linear mixed-effect model with fixed terms for dose, day, and the dose-by-day interaction and a random term for within-dose patients. Within-patient and total-patient standard deviations of log-transformed C max and AUC 0-24 values of ferroquine and its metabolite DMFQ were calculated. For C max and AUCs, estimates and 90% confidence intervals (CIs) for the ratios of food conditions (fed versus fasted) were obtained by computing estimates and 90% CIs for the differences between food condition means within the fixedmodel framework and converting the results to ratios by antilog transformation. (Reported values are generally based on the estimates of statistical PK analysis.)
RESULTS
A total of 82 young African adults with asymptomatic P. falciparum infection were randomized and treated in these studies. In total, 40 participants (8 for each dose level) were treated with 400, 800, 1,200, 1,400, and 1,600 mg of ferroquine or placebo in a 3:1 ratio in the single-dose trial. In the repeated-dose trial, 24 participants (8 for each dose level) received either ferroquine at dose levels of 400, 600, and 800 mg or placebo.
Only two participants, one in the ferroquine arm and one in the placebo arm, were randomized in the 1,000-mg dose group. The study and further recruitment of patients were discontinued at that stage due to asymptomatic, morphological changes of T waves in ECGs observed at the 800-and 1,000-mg dose levels (29) . In the food interaction trial, 16 participants (8 in each randomization arm) were allocated to receive 100 mg of ferroquine either under fasted conditions or immediately after a high-fat breakfast consisting of three eggs, 100 g of butter, and four slices of white bread.
Pharmacokinetic characteristics. (i) Single-dose trial. Ferroquine was rapidly absorbed, with t max observed between 3.5 and 6.5 h after study drug administration (median values by dose). No t lag (time between drug administration and first measurable blood concentration) was observed after drug administration. Mean C max (maximum blood concentration) values increased from 82 to 487 ng/ml in the 400-to 1,600-mg dose groups (Table 2 and Fig.  2 ). C max increased in proportion with the dose in the range between 400 and 1,200 mg: a 3-fold increase in administered dose resulted in a 3.2-fold increase in C max (90% CI, 1.8-to 5.6-fold). A supradose-proportional increase was observed in the overall dose range. AUC last and AUC increased in proportion with dose in the range of 400 to 1,600 mg: a 4-fold increase in dose resulted in a 3.8-fold increase in AUC last (90% CI, 2.79-to 5.07-fold) and in a 3.63-fold increase in AUC (90% CI, 2.70-to 4.89-fold). There was no significant dose effect on t 1/2z (apparent terminal half-life): the overall mean was 15.9 days (95% CI, 14.7 to 17.1 days).
The total variability (as measured by the coefficient of variation expressed as a percentage) observed for exposure parameters of ferroquine was moderate to high for C max (ranging from 24 to 70%) and low to moderate for AUC (ranging from 21 to 40%). Low total variability was observed for t 1/2z and ranged from 13 to 29%.
The active main metabolite, DMFQ, was detected from the first time point, thus indicating its rapid formation (Fig. 3) . From 400 to 1,600 mg, mean C max s of DMFQ increased from 38 to 250 ng/ml. Due to evidence of lack of fit, for C max and AUC last no statistical analysis was performed in the overall dose range. C max increased in proportion with dose in the range of 400 to 1,200 mg: a 3-fold increase in dose resulted in a 4.41-fold increase in C max (90% CI, 2.06-to 9.44-fold). AUC last increased dose proportion- ally in the range of 400 to 1,200 mg: a 3-fold increase in dose resulted in a 2.63-fold increase in AUC last (90% CI, 1.54-fold to 4.48-fold). There was no significant dose effect on t 1/2z : the overall mean was 31.4 days (95% CI, 26.8 to 36.7 days). The metabolite/ parent compound exposure ratio (calculated from AUC last ) in blood ranged from 117 to 172% for DMFQ in the dose range of 400 to 1,600 mg (Fig. 4) .
(ii) Repeated-dose trial. Twenty-six participants were included in the repeated-dose study. At the respective dose levels maximal blood concentrations of ferroquine were observed between 1 and 6 h after drug administration on day 1 and between 2 and 10 h on day 3 (Table 3 and Fig. 5 ). Within a daily dose range of 400 to 800 mg, mean C max s of ferroquine increased from 143 to 220 ng/ml on day 1 and from 230 to 387 ng/ml on day 3. Within the same dose range, C max s for the active metabolite DMFQ increased from 48.5 to 130 ng/ml on day 1 and from 136 to 325 ng/ml on day 3.
From 400 to 800 mg of daily ferroquine intake, mean AUC 0-24 values of ferroquine increased from 1,730 to 3,490 ng · h/ml and from 4,040 to 7,610 ng · h/ml on days 1 and 3, respectively. In the same dose range, mean AUC 0-24 values of DMFQ increased from 920 to 2,100 ng · h/ml and from 2,740 to 6,070 ng · h/ml on days 1 and 3, respectively. Since only one participant received a 3-day repeated oral administration dose of 1,000 mg, no data are shown for this dose level.
Evidence for dose proportionality for ferroquine and for 05-fold on days 1 and 3, respectively). Observed total-patient variability for C max was 59.7%. Evidence of dose proportionality for the principal metabolite was observed for C max and AUC 0-24 on days 1 and 3 within the same dose range, between 400 and 800 mg, of ferroquine when it was administered once daily during 3 days. The observed within-patient variability of ferroquine for AUC 0-24 and C max was low across all dose levels, ranging from approximately 13.7% to 24.8%. The corresponding observed total-patient variability was 42.2% and 54.3%, respectively. The potential and extent of accumulation of ferroquine between day 1 and day 3 was evaluated across all dose levels: accumulation ratios of 2.25 and 1.88 (95% CI, 2.04 to 2.50 and 1.59 to 2.23, respectively) were observed for AUC 0-24 and C max , respectively.
Mean AUC 0-72 , AUC cumlast , and AUC cum values of ferroquine increased from 8,850 to 17,400 ng · h/ml, 46,000 to 92,400 ng · h/ml, and 48,800 to 96,600 ng · h/ml, respectively, between 400-and 800-mg dose levels. Evidence of dose proportionality was observed for all cumulated drug exposure to ferroquine between 400 and 800 mg with a 2-fold increase in dose resulting in 1.98-, 1.96-, and 1.96-fold increases in AUC 0-72 , AUC cumlast , and AUC cum , respectively, with associated 90% CIs of 1.31-to 3.00-fold, 1.25-to 3.07-fold, and 1.33-to 2.89-fold, respectively. There was no significant dose effect on t 1/2z : overall mean estimate was 14.9 days (95% CI, 13.8 to 16.0 days). The metabolite/parent compound exposure ratio (calculated from AUC cumlast ) ranged from 118% to 196% for DMFQ in the dose range of 400 to 800 mg.
Food interaction trial. A pilot food effect study was initiated in asymptomatic P. falciparum carriers. Based on previous PK results in healthy Caucasian volunteers, AUC last increased in proportion with the dose between 100 and 800 mg. Therefore, 100 mg was selected to investigate a possible food effect.
After a single oral dose administration of 100 mg, food intake of a high-fat breakfast delayed t max (first time to reach C max ) of ferroquine from 2.0 h to 5.05 h (Table 4 and Fig. 6 ). Under fed conditions, 6 out of 8 participants had a t lag , with an observed median value of 0.78 h. Similarly, food intake led to a decrease in C max by 11% and a decrease in AUC last by 7%. For DMFQ, similar decreases of C max (27%) and AUC last (9%) were observed. Food intake did not modify bioavailability of ferroquine, and no significant food effect was observed for t 1/2z after a single oral administration of 100 mg (12.9 Ϯ 3.60 days versus 14.6 Ϯ 6.56 days for fasted and fed, respectively). Total patient variability for C max was not significantly influenced by food conditions. However, the AUC last values of ferroquine and its active metabolite DMFQ were found to be higher under fed than under fasted conditions.
Pharmacodynamic results. Presence of P. falciparum at baseline was assessed in the reported trials by PCR, rapid test, or microscopy. Due to insufficient quantitative data, no conclusions about parasite clearance could be drawn.
DISCUSSION
In this clinical phase I drug development program, ferroquine pharmacokinetics were characterized in single-and multiple-dose administration. In addition, the potential of food interaction with ferroquine pharmacokinetics was assessed. In single-dose drug administration of ferroquine, data show rapid absorption and dose-linear increases of maximal blood drug concentrations in a dose range between 400 mg and 1,200 mg. Overall maximal blood concentrations show moderate interindividual variability. Similarly, the overall estimate for AUC increases in a dose-proportional manner between 400 and 1,200 mg, with a low to moderate interindividual variability. The estimate of the apparent terminal half-life of ferroquine was 15.9 days. However, the equally active principal metabolite DMFQ was found to have a longer t 1/2z , with an overall mean estimate of 31.4 days; its blood concentration exceeded that of the parent compound approximately from day 5 (day 7 in the repeated-dose trial) onwards.
Ferroquine therefore shows a longer t 1/2z than other currently used antimalarials such as lumefantrine (t 1/2z Ϸ 3 days) (46) or pyronaridine (t 1/2z Ϸ14 to 18 days) (9, 40) and a similar t 1/2z as slowly eliminated antimalarials such as mefloquine (t 1/2z Ϸ14 to 21 days) (39, 42, 45) and piperaquine (t 1/2z Ϸ12 to 33 days) (43) . DMFQ, the major active metabolite of ferroquine, shows a longer t 1/2z than nearly all other antimalarial compounds except chloroquine (t 1/2z of Ͼ30 days) (23) .
The 3-day repeated trial was discontinued after two participants at the 1,000-mg dose level experienced morphological T wave changes. Since only one patient of this group had been treated with ferroquine (29) , evaluation could be performed only for a daily oral dose between 400 and 800 mg of ferroquine. For this dose range, a dose-proportional increase in exposure could be shown. Moderate total-patient variability and an accumulation ratio of around 2 after 3 days of dosing were found for ferroquine and its active major metabolite DMFQ.
In the course of the food interaction study, no major food effects on C max and AUC could be observed at the dose of 100 mg except for a delay of t max by approximately 3 h . In comparison to the fasted condition, food intake had no significant influence on the overall exposure parameters C max and AUC last . Compared to currently recommended antimalarials, for example, artemetherlumefantrine, this pharmacokinetic property might be a clinically significant advantage since concomitant intake of a high-fat diet is notoriously difficult in acutely ill patients (24) .
These pharmacokinetic data, observed in asymptomatic carriers of P. falciparum (12) , compare well with previous results obtained in healthy volunteers. Comparison of main exposure parameters for Caucasian and Gabonese study participants does not show major differences between the two populations (unpublished data). Maximal blood concentrations of ferroquine at the 400-and 800-mg dose levels were similar or slightly higher in the Gabonese than in the Caucasian population (81.7 Ϯ 38.4 ng/ml and 151 Ϯ 61.6 ng/ml versus 74.7 Ϯ 44.7 ng/ml and 136 Ϯ 23.1 ng/ml, respectively). Similarly, AUCs were comparable in both populations: 13,100 Ϯ 2,740 and 19,200 Ϯ 5,950 ng · h/ml in Gabonese and 9,290 Ϯ 1,610 and 19,100 Ϯ 4,530 ng · h/ml in Caucasian participants, respectively. In the study performed in Caucasian volunteers, the in vivo erythrocyte-to-blood ratios of C max and AUC for ferroquine and its active metabolite, DMFQ, were approximately 2 at the 400-mg dose level, indicating high affinity to red blood cells (unpublished data). A comparison of maximum ferroquine blood concentrations in vivo with in vitro drug activity studies on field strains of P. falciparum suggests that mean C max levels of ferroquine are well beyond 50% and 99% inhibitory concentration (IC 50 and IC 99 , respectively) levels of in vitro studies conducted so far. Pooled results of growth inhibition studies in Southeast Asia and Africa exhibit a potent activity of ferroquine against both chloroquinesusceptible and -resistant P. falciparum strains (16, 19, 35, 36) . One of these studies was performed in Lambaréné on chloroquine-resistant field isolates of P. falciparum and demonstrated median IC 50 (4.5 ng/ml [95% CI, 1.4 to 15.6]) and IC 99 (13.3 ng/ml [95% CI, 2.6 to 132.0]) values that are 51 times and 17 times, respectively, lower than C max values of a 3-day course of 400 mg of ferroquine (21) (Fig. 5) .
Moreover, experimental selection pressure supports the expectation that the likelihood for the development of FQ resistance is poor due to the extreme high fitness cost for P. falciparum (10) . Although in vitro drug activity data may not directly be extrapolated to the in vivo situation, these results indicate, at least in theory, a strong antimalarial activity.
Over the past decade antimalarial treatment policy has moved from sequential use of mono-therapy to first-line artemisinin combination Treatment (ACT) in order to slow down the evolution of drug resistance against mono-compounds (8, 18, 28, 37). The outstanding success of this strategy (2, 22, 31, 46) could decline in the near future because the currently employed artemisinin derivates are equally threatened by resistance development (15, 32) and because they exhibit particularly short half-lives and may therefore not ideally protect the partner compound in case of reinfection in high-transmission regions. In this background the identification of a partner drug which probably better matches pharmacokinetic properties of ferroquine will be of utmost importance.
In summary, based on in vitro pharmacodynamic data indicating high activity against chloroquine-susceptible and -resistant P. falciparum strains and on PK characteristics, potentially sustained activity in blood with acceptable interindividual variability may be expected at the projected dose levels. Ferroquine therefore constitutes one of the most important new antimalarial compounds, which, together with an appropriate partner drug, may potentially be qualified for the development of a single-dose antimalarial combination treatment. These promising properties, however, need further evaluation in clinical phase II and III studies.
